The effects of the centrifugal buoyancy and the Reynolds number on heat transfer in a rotating two-pass rib-roughened channel with 180
INTRODUCTION
The effective cooling of a gas turbine rotor blade is essential because the higher efficiency of the turbine requires a higher inlet gas temperature. Generally, this blade cooling is performed by film cooling at the external surface of the turbine blade and also by internal forced-convection cooling which uses winding flow passages inside the turbine blade. In the internal forced-convection cooling, the real phenomena are very complicated due to external forces: the Coriolis force and the buoyancy force in the centrifugal acceleration field. In addition to these external forces, the disturbances induced by turbulence promoters (ribs) and 180
• sharp turns further complicate the phenomena [1] .
As for the heat transfer in smooth and/or rib-roughened channels with the 180
• sharp turn, several researchers investigated the detailed spatial variation of the local heat transfer in the stationary condition with various techniques: wall temperature measurement by using hundreds of thermocouples [2, 3] , naphthalene sublimation technique to measure the local mass transfer, which was transformed into heat transfer by using the analogy between heat and mass transfer [4, 5] , unsteady wall temperature measurement by using temperature-sensitive liquid crystal [6, 7] , and wall temperature measurement by using infrared thermography [8] . In these studies, the characteristic heat transfer variation induced by the ribs and the 180
• sharp turn was captured; the high heat transfer areas observed in and after the sharp turn and on and between the ribs. As for the flow field in the stationary condition, Son et al. [9] applied the particle image velocimetry technique to the two-pass channel with the 180
• sharp turn, and the detailed two-dimensional flow field was measured. For the rotating condition, however, both the flow velocity and wall temperature measurements become very difficult because of the following two reasons: the high centrifugal force preventing the data acquisition system from normal operation and the difficulty in transferring data from the rotating system to the stationary system. Nevertheless, some researchers have performed experiments in the rotating condition by measuring the wall temperature distribution using thermocouples for the smooth [10] [11] [12] and rib-roughened [13] [14] [15] wall two-pass channels with the 180 • sharp turn. Liou et al. [16] conducted the flow velocity measurement of a rotating two-pass smooth channel with the 180
• sharp turn by using the laser Doppler anemometer in addition to the detailed heat transfer measurement by using the transient liquid crystal method. However, it is extremely difficult to perform the experiments in the rotating condition that can identify both the flow structure and its influence on the heat transfer at the same time. Thus, further progress in experimental studies has so far been prevented, and the authors decided to investigate the phenomena by performing numerical analysis.
In previous numerical studies of the serpentine flow passage with the 180
• sharp turn, the Reynolds-averaged NavierStokes equation with a turbulence model was adopted: Banhoff et al. [17] used the k-ε two-equation turbulence model or the Reynolds stress equation model with the wall function, and Lin et al. [18] used the low-Reynolds number two-equation turbulence model without the wall function. Although this approach using the Reynoldsaveraged turbulence model could reproduce the heat transfer of blade cooling to a certain extent, even the Reynolds stress equation model has empirical constants and functions, and therefore the applicability of the model should carefully be examined. Recent advancement in computers enables us to numerically simulate the fluctuating components of the turbulent flow by using the large eddy simulation (LES) or the direct numerical simulation (DNS) [19] . Because LES and DNS directly resolve temporal variation of the fluctuating components, the results are more universal, in other words, more free from the empirical modeling than the Reynolds-averaged turbulence models. Although LES also has empirical constants and functions, the modeling of the turbulence is confined to the subgrid-scale turbulence, and therefore the effect of the empirical modeling on the result is ideally less than that in the Reynolds stress equation model. Recently, the authors performed the numerical analyses by using a dynamic subgrid-scale model for the two-pass smooth [20] and rib-roughened [21] channels with the 180
• sharp turn in the stationary and rotating conditions. The effect of the buoyancy force was also examined for the twopass smooth [22] and rib-roughened [23] channels where the aiding and opposing contributions of the centrifugal buoyancy were clarified. However, the bulk Reynolds number of the authors' previous studies for the rib-roughened duct was confined to the low values among 3000-5000, though for the smooth duct [22] , the bulk Reynolds number was increased up to 9851. The higher grid resolution needed for higher Reynolds number demands more computational resource, and it had prevented us from simulating highReynolds-number cases.
In this study, the bulk Reynolds number was increased to about 10 4 for the rotating two-pass angled-rib-roughened channel with 180
• sharp turns. The extremely heavy computational load was managed to be within the feasible computational time by using the latest supercomputer and the parallel computing technique. How the centrifugal buoyancy force affects the heat transfer for different Reynolds number cases was examined. The computations were performed varying the Rayleigh number for an angled 60
• rib arrangement. Figure 1 shows the computational domain and coordinate system used in this study. The duct had a square crosssection with a side length of D. The coordinate system was fixed to a rotating channel that had an angular velocity of ω with respect to the axis of rotation parallel to the x-axis. The axial direction of the channel straight pass was parallel to the z direction; the x and y directions were the parallel and perpendicular directions, respectively, to leading/trailing A. Murata and S. Mochizuki 3 walls. Round-type ribs as used in [17, 18] were installed with the in-line arrangement on the trailing and leading walls with the rib angle of 60
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• with respect to duct axis of the straight pass. The rib arrangement of this study gave e/D = 0.1 and P/e = 10, which was chosen because it was within the previously reported optimal range for straight ducts considering both the Nusselt number and the friction factor [24] [25] [26] . The rib angle, 60
• , was chosen as the angle which gave the maximum heat transfer for straight ducts in Han et al. [27] . The 60
• rib "NP" arrangement was investigated in this study. Here, "N" and "P" were from "negative" and "positive" considering relation between angled-rib induced and sharp-turn induced secondary flow directions. For example, in the "NP" arrangement the angled-rib induced secondary flow in the first straight pass circulated in the opposite direction to the turn A induced one, and on the other hand the angled-rib induced secondary flow in the second straight pass circulated in the same direction as the turn A induced one.
The present procedure of the numerical analysis was the same as our recent studies [20] [21] [22] [23] . After applying a filtering operation to the incompressible Navier-Stokes equation with a filter width equal to the grid spacing, the dimensionless governing equations scaled by a length scale, (=0.5D), and a mean friction velocity, u * , became a set of dimensionless governing equations with respect to grid resolvable components indicated by overbars as (u, v, w) under the assumption of constant fluid properties. In order to simulate a fully developed situation, the pressure and temperature fields were decomposed into the steady, x-directionally linear component and the remaining component [28] . By this decomposition, the latter component of the pressure and temperature fields can be treated using a periodic boundary condition in the x direction.
The temperature was made dimensionless by using a linearly increasing component of temperature, T linear , and a friction temperature, T r , as θ = (T − T linear )/T r . Accordingly, the dimensionless energy equation was derived for the grid resolvable component, θ. The governing equations in the Cartesian coordinates (x, y, z) were transformed into generalized curvilinear coordinates (ξ, η, ζ) that were aligned to the structured grid coordinate of this study; ζ was the duct-axial direction. The governing equations in the curvilinear coordinate system were expressed as follows [29] :
∂θ ∂t
where, U j was a contravariant component of velocity, and the following expressions were assumed:
An external force term, F i , in the momentum equations (2) had the Coriolis force, the centrifugal buoyancy force with the Boussinesq approximation, and the mean pressure gradient term with a value of t wo as shown in the following equation:
Because the dimensionless mean-rotation radius, R m , is much larger than y and z in the real gas turbines, the following approximations can be used: y/R m 0 and (H 0 + z)/R m 1. In the dimensionless reference temperature of θ ∞ = (T ∞ − T linear )/T r , T linear changes linearly in the x direction, and therefore θ ∞ also changes linearly in the x direction. From the energy balance, the following equation holds:
Consequently (4) was approximated as follows:
In this study, the friction velocity, u * , was calculated from the force balance between the mean pressure gradient in the x direction and the wall shear stress as follows:
Here, the mean pressure gradient with the subscript, "dim," meant the value with dimension, and it drove the flow in the x direction. By nondimensionalizing (7), the dimensionless mean pressure gradient value of 2 came out. Because of the constant mean pressure gradient, the flow rate varied depending on the Rayleigh number; therefore, the flow rate was not known a priori, and it was calculated from the resultant computed flow field after the statistical steadiness was attained.
Subgrid-scale components of stress, τ SGSij , and energy flux, α SGSj , were expressed as follows: where,
Because the flow field of this study has no homogeneous direction, we adopted the Lagrangian dynamic subgrid-scale model of Meneveau et al. [30] that averaged the value of C s along the path-line for a certain distance. As for the coefficient of the Lagrangian averaging time scale, the same value of 1.5 as that in [30] was used. The turbulent Prandtl number for the subgrid-scale component, Pr SGS , was set to 0.5 [31] . The width of the test filter was double the grid spacing.
Discretization was performed by a finite difference method using the collocated grid system [29] . The spatial and temporal discretization schemes were similar to those of Gavrilakis [19] : the second-order central differencing method and the Crank-Nicolson method for the viscous term, and the second-order differencing method satisfying the conservative property [29] and the second-order AdamsBashforth method for the convective term. The external force term was also treated by the second-order Adams-Bashforth method. The pressure field was treated following the MAC method [32] . At the wall boundary, no-slip and constant heat flux conditions were imposed. The boundary conditions of the intermediate velocities and pressure were set following the procedure of [33, 34] .
The local Nusselt number, Nu L , was calculated from the wall temperature as follows:
The averaged Nusselt number was calculated by using the integrally averaged temperature difference for the area in question.
In this study, the values of Re * (=u * /ν) and Ro * (= ω /u * ) were varied in (Re * , Ro * ) = (3000, 1) and (4000, 2), and the Rayleigh number, Ra * , was varied form 0 to 1 × 10 5 . For the case of Ra * = 1 × 10 5 , Re * was reduced from 3000 to 2500 in order to maintain the bulk Reynolds number to be 10 4 . This was needed because the increase in Ra * reduced the friction factor and, as a result, increased the bulk Reynolds number. Hereafter, this case of (Re * , Ro * ) = (2500, 1) is also referred to as (3000, 1) in this study for the simplicity. In correlating the experimental results, the effect of the buoyancy is often expressed by using the Grashof number, Gr m,q , which is defined with the wall heat flux. The following relation holds due to the definition of Gr m,q :
The conversion of the dimensionless numbers of this study (Re * , Ro * , Ra * ) defined by the mean friction velocity, the friction temperature, and the length scale of 0.5D into those of (Re m , Ro m , Gr m,q ) defined by the bulk mean velocity, the wall heat flux, and the hydraulic diameter, D, was summarized in Table 1 . In Table 1 , our previous numerical A. Murata [11] . From the definition of Grashof numbers, the following relation holds between Gr m,q and Gr m,ΔT :
Note that the computational conditions of this study are within the real operating range. It should also be noted that Gr m,ΔT /Re 2 m is identical to the buoyancy parameter often used in experiments.
As shown in Figure 1 , the structured grid system was generated by using Gridgen version 15 (Pointwise Inc., Tex, USA). The grids in the physical domain were contracted to the walls and the corners. On the rib-roughened surfaces, the grids were aligned to the ribs. The grid number was mainly 71 × 71 × 1207 in ξ, η, ζ directions, and this grid configuration, for example, gave a grid spacing of Δ . Here, the inner length scale of ν/u * mod was used, because the friction velocity, u * , defined in (7) overestimated the value. In (7), the streamwise direction was assumed to be only in the x direction, and therefore it cannot account for the longer total flow distance caused by the change of the streamwise direction in the twopass channel. In order to estimate appropriate inner length and time scales, the friction velocity, u * mod , was calculated by using the resultant flow rate and friction factor for each condition. The effect of the grid spacing on the computed result was checked by increasing the grid number to 101 × 101 × 1569 for several cases, and no major difference was observed as shown in Table 1 In order to deal with the very high computational load of this study, the computational domain was decomposed into 32 subdomains in the duct-axial (ζ) direction, and the parallel computing technique was applied. Each subdomain's computation was performed on a different CPU on HITACHI SR11000J (Information Technology Center, The University of Tokyo). When the algebraic equation for each variable was solved by using the SOR method, the values at the subdomain boundaries were transferred to the neighboring subdomains by using MPI functions in each iteration step.
The computation was started using the result of the similar condition as an initial condition. At first, the calculations were carried out till the statistically steady flow condition was attained. After that, additional 60 000 steps (t = 6 or t + = 2760 for Re * = 3000, Ro * = 1, and Ra * = 1 × 10 5 ) were performed for computing the statistical values. This 60 000 step computation needed about 12.1 × 32 CPU hours for the 71 × 71 × 1207 grid configuration.
RESULTS AND DISCUSSION
At first, the verification of the present numerical procedure is explained. In our previous studies of smooth [20] and rib-roughened [21] two-pass channels, the numerical results were compared with the experimental results of the stationary condition in the local and transversely averaged Nusselt numbers and also in the channel averaged f and j factors. The agreement between the numerical and experimental results was good, and the present numerical procedure was able to reproduce the heat transfer enhancement in and after the sharp turn and the quick development of the swatoothprofile heat transfer augmentation due to the periodically installed ribs in the straight pass [20, 21] . In order to examine the subgrid-scale model contribution on the flow and heat transfer, the quasi-DNS was performed for one condition of Re * = 3000, Ro * = 1, and Ra * = 4 × 10 4 . As shown in Table 1 , the quasi-DNS gave the lower friction factor and heat transfer than the LES results, and this tendency is the same as the other researcher's result [35] . All the main features of the flow and heat transfer were reproduced by the quasi-DNS, and they confirmed the reliability of the present results.
Figures 2(a) and 2(b) show the time-averaged local Nusselt number (see Figure 2(a) ) and the streamwise component of the wall shear stress (see Figure 2(b) ) on all four walls by viewing the flow channel from six different directions. The Nusselt number of this study was normalized using the following empirical correlation for a fully developed pipe flow [36] :
It should be noted that the lower part of "outer wall" in the figure shows the inner wall values because it is visible through the inlet and outlet of the channel. In Figure 2 (b), zero shear stress boundary is indicated by a white line. In the calculation of the streamwise component of the wall share stress, the streamwise direction was approximated by the ζ direction. In this study, the trailing and leading walls of the first straight pass correspond to the pressure and suction surfaces, respectively, and the opposite relation holds in the second straight pass. The pressure and suction surfaces are defined with respect to the secondary flow induced by the Coriolis force, which impinges onto the pressure surface. As a comparison, the result of the lower Reynolds number [23] is shown in Figure 3 . When Figures 2 and 3 are compared, the Nusselt numbers of the lower Reynolds number case (Figure 3(a) ) are more enhanced than the higher Reynolds number case (Figure 2(a) ) on the rib-roughened pressure surfaces and in the turn section, though the approximate profiles are similar to each other. Here, it should be noted that the Nusselt numbers in the figures are normalized by Nu ∞ being the increasing function of the Reynolds number, and therefore the larger Nu L /Nu ∞ does not necessarily mean the higher Nusselt number. When the instantaneous local Nusselt numbers are examined in Figure 4 , the Reynolds number effect is seen in the finer flow structure and, as a result, the finer heat transfer distribution in Figure 4 (a) for Re * = 3000 as compared to that in Figure 4 (b) for Re * = 1000. As discussed in [22, 23] , because of the secondary flow induced by the Coriolis force, the fluid temperature on the trailing (pressure) side of the first straight pass becomes lower than that on the leading (suction) side; therefore, on the pressure and suction surfaces of the first straight pass (radially outward flow), the buoyancy works in the aiding and opposing directions to the main flow, respectively (see Figure 5(a) ). On the other hand, in the second straight pass (radially inward flow), the situation is reversed to the first straight pass: on the pressure and suction surfaces of the second straight pass, the buoyancy works in the opposing and aiding directions to the main flow, respectively (see Figure 5(b) ). In this way, when the buoyancy works, the radial flow direction becomes an important parameter which controls the flow and heat transfer in an orthogonally rotating channel. In the previous study for the lower Reynolds number case [23] , when the centrifugal buoyancy was introduced, the effect of the aiding buoyancy contribution was seen in the larger variation of the streamwise shear stress on the pressure surface of the first straight pass, and in the reduced area of the reverse flow between the ribs on the suction surface of the second straight pass. These changes in the flow field caused the heat transfer on the corresponding surfaces larger. The effect of the opposing buoyancy contribution was seen in the intensified and extended reverse flow region on the suction surface of the first straight pass, but the Nusselt number there showed a slight increase in the downstream part. As seen in Figures 6 and 7 by being compared with Figures 2  and 3 , respectively, these effects are observed in the higher Reynolds number case (see Figure 6 ) but less clear than the lower Reynolds number case (see Figure 7) . Figure 8 shows the higher rotation number case of Ro * = 2 (Re * = 4000). When the rotation speed increases, the heat transfer on the pressure surface is deteriorated especially at the downstream region of the straight pass. This tendency was also observed in the low-Reynolds-number case in [23] . It should be noted that this deterioration of the heat transfer is not characteristic to the fully developed region of an infinitely long straight duct, because the fully developed results of smooth [37] and rib-roughened [38] straight ducts do not show the deterioration of the heat transfer even when the rotation speed is higher. The interaction between the sharp-turn induced and Coriolis-induced flows must be affecting the deterioration of the heat transfer. The buoyancy effect on the heat transfer and the shear stress was minor for this high rotation speed case (figures not shown).
In order to examine the buoyancy effect in the most developed region in the present straight passes, the areaaveraged Nusselt number at the downstream part of the straight pass is shown in Figure 9 . The averaging area between 5th and 6th ribs from the straight pass entrance (between 2nd and 3rd ribs from the downstream turn) was chosen so as for the flow and temperature fields to be most developed and at the same time to be still without the downstream turn effect. In Figure 9 , the buoyancy parameter, Gr m,q /Re m 2 , is used as the horizontal axis. On the pressure surface (triangle symbols), the buoyancy effect on Nu area is larger than that on the suction surface (square symbols), and Nu area of the aiding contribution cases (solid lines) is larger than those of the opposing contribution cases (broken lines). This tendency is supported by the experimental results of the rib-roughened channel [14] , Pressure surface (triangle) Figure 9 : Buoyancy effect on area-averaged Nusselt number at developed region in straight passes (Averaging area was between 5th and 6th ribs from straight pass entrance. Open, filled, half-filled, and concentric symbols are for (Re * , Ro * , smooth/rib) = (3500, 2, smooth), (1000, 1, rib), (3000, 1, rib), and (4000, 2, rib), resp. Symbols with solid and broken lines are for aiding and opposing buoyancy contributions, resp.).
although the entrance condition for the first straight pass in [14] was not disturbed by the upstream sharp turn. The aiding contribution on the pressure surface for the increase of Gr m,q /Re m 2 differs depending on rib existence, Re * , and Ro * . As seen in the figure, the smooth case for Re * = 3500 once increases and then decreases as Gr m,q /Re m 2 increases. For the rib-roughened case of Ro * = 1 (Re * = 3000), Nu area on the pressure surface stays almost constant for the increase of Gr m,q /Re m 2 . When Ro * is increased to Ro * = 2 (Re * = 4000), Nu area on the pressure surface becomes lower due to the above-mentioned deterioration of the heat transfer, and the clear buoyancy effect is only seen for the highest buoyancy case for the aiding contribution side. Nu area on the suction surface shows much smaller variation due to Gr m,q /Re m 2 , and a slight increase is observed due to the increase of Gr m,q /Re m 2 . In order to view the time-averaged flow structure of the whole two-pass channel, the isosurface (surface with the same value) of the second invariant, Q, of the deformation tensor, ∂u i /∂x j , [39] is shown in Figure 10 . In the figure, the time-averaged temperature is also shown as the color contour on the isosurface of Q. The value of Q is calculated by (14) for incompressible fluids, and it is often used to identify vortices because the positive value of Q means that the vorticity exceeds the strain,
As seen in Figure 10 (a), in and around the turn the strong vortices are produced. On the pressure surfaces, the stronger vortices are shed behind the angled ribs as compared to the suction surfaces. In Figure 10(b) , the effect of the buoyancy is seen in the extended and intensified vortex region near the trailing surface which gives the aiding contribution to the fluid motion. The aiding contribution enhanced the turbulent kinetic energy near the trailing surface (figures not shown). The high rotation speed case (Ro * = 2) gave the drastic decay of both vortices and turbulent kinetic energy in the straight pass section (figures not shown). Figure 11 shows the friction factor, f , normalized by using f B in the following Blasius equation:
The precise values of f / f B are shown in Table 1 . In order to decompose the total pressure loss into the sharpturn and straight-pass contributions, the following pressure loss coefficients, K turn and K straight , are also plotted in Figure 11 [40] :
Here, Δp turn is the pressure loss associated with the sharp turn, and it is calculated by linearly extrapolating the areaaveraged wall-pressure profile at the central region of the first and second straight passes in the direction toward the turn inlet and outlet locations at z = 17 for the turn A and at z = 1 for the turn B [40] . The area-average was taken with the streamwise pitch of D in the straight pass. The straight pass component, Δp straight , was calculated from the linear pressure profile at the central region of the straight pass. A decrease of the f factor by the buoyancy force is observed in Figure 11 . Without the buoyancy, K turn Figure 12: Buoyancy effect on j factor and heat transfer efficiency index (legend for the symbols are the same as that in Figure 9 ). is larger than K straight . The buoyancy makes K turn decrease both in the turns A and B with the exception of some high rotation speed cases (Ro * = 2) in which K turn shows a slight increase. The value of K straight in the second straight pass becomes negative, due to the positive pressure gradient in the streamwise direction which is caused by the coincidence of the main flow and buoyancy force directions; the main flow is driven by the buoyancy in the second straight pass (radially inward flow). The buoyancy increases and decreases K straight in the first and second straight passes, respectively, and this opposing variation in K straight cancels each other. As a total, the pressure loss behavior of the channel is controlled by K turn , and the f factor decreases as Gr m,q /Re m 2 increases.
The variation of K straight due to the buoyancy is smaller for the higher Reynolds number case. The large f factor for the high rotation speed (Ro * = 2) is due to the increased K turn . Figure 12 shows the Colburn's j factor normalized by using j ∞ calculated from Nu ∞ in (13) . The precise values of j/ j ∞ are shown in Table 1 . In order to further examine the heat transfer efficiency taking the pressure loss into account, the heat transfer efficiency index, η eff , was calculated by using the following equation [41] :
St/St smooth,stationary f / f smooth,stationary 1/3 .
As explained in [41] , η eff is the index of the heat conductance for equal pumping power and heat transfer surface area. In this study, the smooth and stationary result of Re * = 1000 [22] was used for calculating (17) for all the cases. As shown in Figure 12 , the j factor is insensitive to the buoyancy and stays almost constant. As a result, η eff slightly increases with the increase of the buoyancy due to the decreased f factor seen in Figure 11 . η eff is lowered as the Reynolds and rotation numbers increase, and it becomes almost constant with respect to the buoyancy parameter increase for the higher rotation number case (Ro * = 2). This is because the friction factor is less sensitive to the buoyancy for the higher rotation number as seen in Figure 11 ; in other words, the friction factor is dominated by the pressure loss in the turn section which is increased by the high rotation speed and is insensitive to the buoyancy.
CONCLUSIONS
The large eddy simulation of the two-pass angled-ribroughened square channel with the 180 • sharp turns was performed changing the Reynolds, Rayleigh, and rotation numbers for the rib arrangement of the 60
• rib NP. From the numerical results, the following conclusions were drawn.
When the Reynolds number was increased, the flow structure became finer which resulted in the finer instantaneous distribution of the local Nusselt number. When the centrifugal buoyancy was introduced, the aiding and opposing contributions of the centrifugal buoyancy worked in the different way depending on the radial flow directions (radially outward and inward flows). The pressure surfaces of the radially outward and inward flows came to the aiding and opposing buoyancy contribution sides, respectively, and the heat transfer was larger in the aiding buoyancy contribution, though the detailed profile differs depending on the Reynolds number, the rotation number, and the rib existence. On the other hand, the suction surfaces of the radially outward and inward flows came to the opposing and aiding buoyancy contribution sides, respectively, and both showed the slightly increased heat transfer.
The friction factor was decreased as the buoyancy increased which was dominated by the sharp-turn induced pressure loss because the increased and decreased pressure losses in the first and second straight passes, respectively, cancelled each other. Especially for the high rotation number case, the sharp-turn induced pressure loss became large and
